The 15-kDa Ixodes scapularis salivary gland protein Salp15 protects Borrelia burgdorferi sensu stricto from antibody-mediated killing and facilitates infection of the mammalian host. In addition, Salp 15 has been shown to inhibit T-cell activation. We determined whether Ixodes ricinus, the major vector for Lyme borreliosis in Western Europe, also express salp15-related genes. We show that engorged I. ricinus express salp15 and we have identified three Salp15 homologues within these ticks by reverse transcriptase-polymerase chain reaction (RT-PCR). One of the predicted proteins showed 80% similarity to I. scapularis Salp15, evenly distributed over the entire amino acid sequence, whereas the two other predicted proteins showed approximately 60% similarity, mainly confined to the signal sequence and C-terminus. Comparison of the DNA and protein sequences with those deposited in several databases indicates that these proteins are part of a Salp15 family of which members are conserved among different Ixodes species, all capable of transmitting B. burgdorferi sensu lato. This suggests that these Salp15 homologues could also play a role in the transmission of diverse Borrelia species and in inhibition of T-cell activation.
Introduction
Ixodes ticks are present worldwide and can transmit numerous pathogens, including Borrelia, Anaplasma, Babesia, and flaviviral species (de la Fuente et al. 2006 , Jongejan et al. 2004 . A major tick-borne illness is Lyme borreliosis, which is common in many parts of Asia, Europe, and the United States. Human Lyme borreliosis is often characterized by an expanding red cutaneous lesion, erythema migrans. Moreover, cardiac conduction system abnormalities, arthritis, neurologic symptoms, and later during the course of the infection, cutaneous manifestations, such as acrodermatitis chronica atrophicans (ACA) can occur (van Dam et al. 1993 ). Joint disease is associated with B. burgdorferi sensu stricto infection, while neuroborreliosis and ACA are predominantly caused by B. garinii and B. afzelii infection, respectively (Steere 2001 , van Dam et al. 1993 . B. burgdorferi sensu stricto is prevalent in the United States, whereas all three pathogenic Borrelia species are found in Europe.
The main vector for Lyme borreliosis in Europe is I. ricinus, whereas in the United States B. burgdorferi sensu stricto is mainly transmitted by I. scapularis. Another Ixodes tick, I. pacificus, which is prevalent in the Western United States, can also transmit Borrelia spp. (Peavey et al. 1995) . In Eurasia, B. burgdorferi sensu lato can also be transmitted by Ixodes persulcatus. B. burgdorferi sensu stricto has been shown to influence transcription of certain tick genes and to interact with I. scapularis proteins. For example, an I. scapularis receptor for B. burgdorferi outer surface protein (Osp) A, named the Tick Receptor for OspA (TROSPA), is critical for spirochete adherence to the tick gut (Pal et al. 2004 ). Moreover, a 15-kDa salivary gland protein, Salp15, facilitates the transmission of B. burgdorferi from the vector to the host (Ramamoorthi et al. 2005) . Salp15 is secreted in the salivary glands of feeding I. scapularis ticks and binds to B. burgdorferi OspC. This interaction protects the spirochete from antibody-mediated killing in immune mice and also provides a survival advantage for B. burgdorferi in naive mice. Like TROSPA, salp15 is expressed to a higher extent, when ticks are infected with B. burgdorferi. Salp15 also has been shown to inhibit T cell activation, and it is likely that ticks use Salp15 to more efficiently feed on a host (Anguita et al. 2002) . Therefore, in nature, increased Salp15 levels could be beneficial for both vector and spirochete. To date there is very little information on similar proteins in I. ricinus, and we therefore determined whether Salp15 is present in this tick species.
methods

Purification of I. ricinus rNA and rT-PCr
The I. ricinus ticks belonged to the fourth laboratory-bred generation of a colony that originated from Sweden. We fed adult female I. ricinus on rabbit ears in the presence of adult males. After 3 days of feeding, semi-engorged female I. ricinus ticks were removed and salivary glands were dissected under a microscope as described previously (Das et al. 2001 ). Three to four salivary glands were pooled. A similar approach was used for other tick species; however, these were fed on calves instead of rabbits. I. hexagonus, Hyalomma detritum, Rhipicephalus evertsi evertsi, Boophilus annulatus, and Amblyomma variegatum were all laboratory bred and maintained in tick feeding facilities at Utrecht University. RNA was isolated using Tryzol reagent (Invitrogen, Carlsbad, CA). RNA was treated with DNAse to remove contaminating DNA (Invitrogen). Complementary DNA was made using a cDNA synthesis KIT in accordance with the manufacturer's recommendations (Stratagene, La Jolla, CA). Reverse transcriptase-polymerase chain reaction (RT-PCR) on I. ricinus salivary gland cDNA, or cDNA from other tick species, was performed using different sets of primers. We used primers designed from the 3'-and 5'-end of I. scapularis salp15 (forward: ATGGAATCTTTCG-TCGCAATG, reverse: CTAACATCCGGGAATGTGC); primers targeting tick beta-actin (forward: GATCATGTTCGAGACCTTCA, reverse: AGAGCTTCTCCTTGATGTCG); or degenerate primers targeting conserved domains of Salp15, as determined by aligning sequences found by the PSI-BLAST search method (forward: GTNGCIATGAARGTIGTITG, reverse: CAIWIRAAAGTR-CARTYYTTRAA). RT-PCR conditions were: 5' 95°C; 30" 95°C, 30" 52°C, 30" 68°C for 35 cycles followed by 7' of extension at 68°C using High Fidelity Taq Polymerase (Invitrogen). Thus, three nucleotide sequences were identified that shared homology to I. scapularis salp15. The cDNA sequences were deposited in GenBank and designated salp15 Iric-1 (EU128526), Iric-2 (EU128527), and Iric-3 (EU128528).
3'-rapid amplification of cdNA ends (rACE)
The RLM-RACE kit was used to identify the sequence at the 3'-end according to the manufacturer's instructions (Ambion, TX). First strand cDNA was synthesized from total I. ricinus salivary gland RNA using the 3'-RACE Adapter. The cDNA was then subjected to a PCR using the outer 3'-RACE primer, which is complementary to the outer part of the anchored adapter and a gene specific primer, i.e., GGAAGGAAGGGAGTTACGAGAT, AGGTGGTGTGCATAGTCCTTTT, and ATTTCCCCCGTATGTTCCTAAC for salp15 Iric-1, 2, and 3, respectively. For salp15 Iric-2, we also performed a nested PCR with a gene-specific primer -TCCCTATGTTCCTAACCACCAC -and an inner 3'-RACE primer that is complementary to the inner part of the anchored adapter (without overlap with the outer adapter primer). PCR conditions were similar to those described above; however, an annealing temperature of 60°C was used.
Sequencing
RT-PCR and PCR products were ligated into the pGEM-T easy sequencing vector according to the manufacturer's instructions (Promega, Madison, WI), cloned in DH5-alpha (Invitrogen) and plated on LB-ampicillin plates. Single colonies were cultured into LB-ampicillin (50 μg/mL) and recombinant DNA was isolated using the Mini-prep KIT (Qiagen, Valencia, CA). Inserts were sequenced using Big Dye Terminator mix, M13 forward or reverse primers, and an automated sequencer (3730 DNA analyzer; all from AB Applied Biosystems, Foster City, CA). Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed using primers based on the 3'-and 5'-end of I. scapularis salp15 and primers directed against tick β-actin. The PCR product was cloned into a sequencing vector and sequenced. Over 60 sequences were retrieved, representing three assembled contigs (Codon Code Aligner 1.5.2) (B,C). We here show the alignment of the predicted proteins sequences with I. scapularis Salp15. Because of the similarity to I. scapularis Salp15, the predicted proteins were named I. ricinus Salp15 Iric-1 (ABU93613), 2 (ABU93614), and 3 (ABU93615) (B). For Salp15 Iric-3, the Histidine (H) is depicted in gray; it was shown by 3'-RACE (Fig.  2) that the actual amino acid should be a Tyrosine (Y). Salp15 Iric-1 was most similar to I. scapularis Salp15 and therefore is shown separately (C). Salp15 Iric-3 was highly similar to a putative secreted I. pacificus salivary gland protein (AAT92151) (D). Alignment was performed using the ClustalX 1.8.1 software. *, Complete conserved residue.
:, a conserved residue from the "stronger similarity group
as defined in the ClustalX 1.8.1 software that uses the PAM250-Gonnet matrix (Dayhoff et al. 1978, and Gonnet et al. 1992 ).
Phylogentic analysis
Sequences were aligned using the ClustalX 1.8.1 software. An unrooted Neighbor-Joining tree (Saitou et al. 1987 ) was constructed with the software Mega 3.1 (Kumar et al. 2004 ) using the Jones-Thorton-Taylor substitution matrix (Jones et al. 1992) . Bootstrap sampling was reiterated 1000 times. Trees were visualized with Mega 3 Tree Explorer (Kumar et al. 2004 ).
results and discussion
I. ricinus Salp15 homologues
By RT-PCR, using primers designed from the 3' and 5'-end of the I. scapularis salp15 sequence, an approximately 400-bp amplification product was detected in cDNA obtained from salivary glands from fed -but not unfed -adult female I. ricinus ticks (Fig. 1A) . This is similar to what has been shown for I. scapularis (Anguita et al. 2002) . PCR products we-re then cloned into the pGEM-T easy sequencing vector and sequenced. More than 60 clones were analyzed, and three different assembled contigs were found (Codon Code Aligner Version 1.5.2). All three sequences consisted of a full-length open reading frame (ORF) and coded for predicted proteins that, because of the similarity to I. scapularis Salp15, were named Salp15 Iric-1, 2, and 3 and were assigned the GenBank accession number ABU93613, ABU93614, and ABU93615, respectively (Fig. 1B) .
I. scapularis Salp15 has a 21-amino acid N-terminal signal peptide that is cleaved during protein expression (Anguita et al. 2002) . Analysis using software to predict signal sequences (Signal IP 3.0, www.cbs.dtu.dk/ services/SignalP/) predicted signal peptides of 27 and 22 amino acids for Salp15 Iric-1, and Salp15 Iric-2 and 3, respectively (data not shown). Based on the complete identity of the first 12 amino acids of these proteins with the N-terminus from I. scapularis Salp15, we assume that we identified the start codon. Our approach did not allow us to identify upstream regions of the genes. Since the C-terminus is part of the mature protein, we determined whether the I. ricinus salp15 sequences found by RT-PCR, using the primers designed based on the I. scapularis salp15 sequence, were correct at the 3'-end. Using 3'-RACE, we confirmed that the 3'-ends of salp15 Iric-1, and salp15 Iric-3 were correct. For salp15 Iric-1, there was only one, and for salp15 Iric-3, there were two basepair mutations, of which only one (in salp15 Iric-3) resulted in an altered, but similar, amino acid, i.e., Tyrosine instead of Histidine at the 120th amino acid position: H120Y (Fig. 2) . We were unable to determine the 3'-end of I. ricinus Iric-2. Despite more stringent PCR conditions and a nested PCR, with an inner gene specific primer and a primer complementary to the inner part of the adaptor, we did not get a single amplicon, like we amplified for the other two sequences (data not shown). This is likely due to amplification of aspecific cDNA interfering with amplification of I. ricinus Iric-2. RT-PCR using degenerate primers directed against conserved regions of Salp15 confirmed the presence of the exact same three Salp15 homologues in fed I. ricinus female adult ticks (Fig. 3) . Alignment of the three different full-length I. ricinus salp15 sequences, and the different I. ricinus Salp15-like proteins, with I. scapularis Salp15, using the web-based NCBI software (www.ncbi.nlm.nih.gov/BLAST/) as described by Tatsuova et al. (1999) , revealed Note. Alignment of the nucleotide sequences and amino acid sequences was performed using the web based Software from NCBI as described by Tatusova et al (Tatusova et al. 1999) . % Identity % similarity amino acid level different levels of identity and similarity (Table 1) . Of the three I. ricinus Salp15 homologues, Salp15 Iric-1 was most similar to I. scapularis Salp15, with 80% similarity at the amino acid level (Table 1 and Fig. 1C ). The other two predicted proteins, Salp15 Iric-2 and Salp15 Iric-3, were 62% and 63% similar to I. scapularis Salp15, respectively (Table 1 and Fig. 1B ). In contrast, Salp15 Iric-3 was highly similar (94%) to a putative I. pacificus secreted salivary gland protein (Fig. 1D) . Orthologues are homologous genes that result from a speciation event, whereas paralogues are homologous genes that result from a duplication event within a lineage. Therefore, salp15 Iric-1 is probably an orthologue of I. scapularis salp15, and the other two could be paralogues of salp15 Iric-1. To obtain RNA for RT-PCR, we pooled salivary glands from three to four ticks. Theoretically, there could be a chance that, although these ticks are all part of the same inbred colony, the gene products we identified are polymorphic genes from individual ticks within this pool. However, we performed RT-PCR on several different pools and always amplified the same three gene products. Moreover, the diversity in the nucleotide sequence of these genes makes it even more unlikely that these genes are polymorphic genes from individual ticks.
I. scapularis Salp15 and Salp15 Iric-1 share homology over the entire amino acid sequence, whereas I. scapularis Salp15 and Salp15 Iric-2 and Iric-3 share homology that is confined to the N-terminal signal sequence and the C-terminus. Thus, our three clones all share great homology to I. scapularis Salp15 at the C-terminal part. Interestingly, Garg et al. (2006) have recently shown Figure 3 . Reverse transcriptase-polymerase chain reaction (RT-PCR) with degenerate primers confirms the presence of three Ixodes ricinus Salp15 homologues. Salivary glands from fed adult female I. ricinus ticks were dissected, and RNA was extracted. RT-PCR was performed using primers targeting nucleotide sequences that coded for conserved domains (gray highlights) of Salp15 and similar proteins that were identified by PSI-BLAST search. The products we obtained are referred to as degenerate products. By this method, we confirmed the presence of three Salp15 homologues in I. ricinus. The alignment of predicted protein sequences of the I. ricinus Salp15 homologues and the corresponding degenerate products is depicted. Alignment was performed using the ClustalX 1.8.1 software. *Complete conserved residue. Using the PSI-BLAST search method searching the GenBank database, we found several known Salp15 homologues. Amino acid sequences were aligned using the ClustalX 1.8.1
software. An unrooted Neighbour-Joining tree (Saitou et al. 1987) was constructed with the software Mega 3.1 (Kumar et al. 2004 ) using the Jones-Thorton-Taylor substitution matrix (Jones et al. 1992) . Bootstrap sampling was reiterated 1000 times, and the numbers represent the percentage of 1000 replicants (bootstrap support) for which the same branching patterns were obtained. Trees were visualized with Mega 3 Tree Explorer (Kumar et al. 2004) . Scale bar = 10% diversity.
that the C-terminal part of I. scapularis Salp15 binds to murine CD4 + T cells by binding to the CD4 coreceptor, thereby inhibiting T cell activation. In contrast, it is not yet known which part of Salp15 binds Borrelia OspC, and therefore these data could contribute to the prediction of the functional characteristics of Salp15.
The Salp15 family is conserved between different Ixodes species
Functional characterization of novel proteins in the post-genomic era can be done in silico, allowing for identification of proteins that potentially share biologically relevant homology. We therefore performed a Position Specific Iterated Search (PSI-BLAST) using the webbased software available at the NCBI website to search for proteins similar to I. scapularis Salp15 (Wu et al. 2006) . Several known I. scapularis, I. ricinus, and I. pacificus salivary gland proteins with conserved domains were identified (Fig. 4) , suggesting that these proteins are part of a Salp15 family of which members are conserved among different Ixodes ticks, all capable of transmitting Borrelia species. The I. ricinus Salp15 homologues identified in this study are also part of this same family (Fig. 4) . By RT-PCR on salivary gland cDNA with both primers based on the I. scapularis salp15 sequence, as well as degenerate primers, we were unable to identify Salp15 homologues in other tick species, including I. hexagonus, Hyalomma detritum, Rhipicephalus evertsi evertsi, Boophilus annulatus, and Amblyomma variegatum semi-engorged adult female ticks (data not shown). Of these, only I. hexagonus is known to be able to transmit B. burgdorferi sensu lato (Gern et al. 1991) .
Recently, four other unpublished nucleotide sequences coding for putative I. ricinus Salp15 homologues became available from the Gen-Bank database (ABI97198-ABI97201). Of these, Salp15 IR-2 appeared to be 100% identical to our Salp15 Iric-1 (ABU93613), yet missing six amino acids at the N-terminal part. Salp15 IR-1 was 94% identical to our Salp15 Iric-2 (ABU93614). The fact that these sequences were found by a different method, i.e. screening of salivary gland cDNA libraries derived from fed and unfed I. ricinus ticks, but that similar sequences were found, underscores the usefulness of our approach. The findings support our hypothesis that salp15 belongs to a widely distributed gene family within (Ixodes) tick species.
Implications for the transmission of Borrelia burgdorferi sensu lato by Ixodes ricinus
B. burgdorferi sensu stricto binds to I. scapularis Salp15 and is thereby protected from antibodymediated killing, both in vitro and in vivo (Ramamoorthi et al. 2005) . I. scapularis Salp15 also inhibits T cell activation, which is potentially beneficial for the arthropod (Anguita et al. 2002) . The fact that expression of a tick protein may be beneficial for both the vector and the pathogen implies a symbiotic relationship. The presence of Salp15 in I. ricinus suggests that European Borrelia spp. such as B. afzelii and B. garinii might have similar interactions with this protein. Since we identified more Salp15 homologues from I. ricinus cDNA, it could well be that each Borrelia spp. has a preferential interaction with one of the Salp15 homologues. From the vector's point of view, it could be that the different Salp15 homologues in I. ricinus have evolved to adapt to the different hosts it feeds on during its lifecycle. A comparable phenomenon is described for Osp E/F-related proteins (Erps), a family of complement inhibitory proteins, in B. burgdorferi sensu stricto. The relative affinity for complement inhibitors of various potential hosts differs between the various Erps, allowing the bacterium to inhibit complement-mediated killing in the diverse hosts it may encounter during its enzootic lifecycle (Stevenson et al. 2002) .
More insight in the interrelationship of the vector, pathogen, and the host might lead to development of new strategies to combat tick-borne diseases. Targeting the vector in order to prevent transmission of the pathogen from the tick to the host has been shown effective for several tick-borne pathogens (de la Fuente et al. 1998 , Labuda et al. 2006 . Applying similar strategies to prevent Lyme borreliosis in Europe as well as in the United States is challenging because of the different Ixodes species that are the vector for Lyme borreliosis. Identifying putative targets that are conserved between I. ricinus and I. scapularis, such as Salp15, could circumvent this problem.
